INTRODUCTION
Salt ions play an important role in protein-protein interactions in aqueous solutions at all ionic strengths. At low salt concentrations, ions stabilize proteins in solution via reduction of electrostatic repulsion between charged protein macromolecules (i.e., the salting-in effect). As the salt concentration increases, repulsive electrostatic interactions are further screened; other proteinprotein forces (notably attractive Hamaker dispersion forces) can then operate toward aggregation and precipitation. At higher salt concentrations, preferential hydration of salt ions can desolvate proteins, causing them to aggregate, precipitate, or crystallize (the salting-out effect). Molecularthermodynamic models describing protein phase separation in concentrated aqueous salt solutions require physicochemical information about the interactions between protein molecules and salt ions. For example, models based on potential-of-mean-force descriptions of interactions in solution require information for ion-protein as well as protein-protein interactions2-6.
This work explores the dependence of hen-egg-white lysozyme's net charge, zP' and interaction with chloride and potassium ions, on solution pH and ionic strength using experimental results from hydrogen-ion titrations. Hydrogen-ion titrations have been conducted in potassium-chloride solutions for lysozyme and eleven amino acids, over a broad range of ionic strength and pH.
From the ionic-strength dependence of the protein titration curves, ion-binding numbers have been calculated using a molecular-thermodynamic model derived by Fraaije and coworkersl,7,8 and are reported here. Discussion is presented on the effect of solution ionic strength on the surface charge of lysozyme, on pKa values of the various titratable groups, and on the protein titration curve.
HYDROGEN-ION TITRA TIONS OF PROTEINS
In a protein molecule, hydrogen ions bind covalently to the side chains of acidic and basic amino-acid residues and at the amino and carboxyl termini of the amino-acid chain(s) of the protein. At any given pH, the protonation state of each titratable group depends on its hydrogen-ion dissociation constant, or Ka. If the values of the individual Kas of all the titratable groups are known, the net proton charge of the protein, zP' may be calculated as a function of pH as follows.
The hydrogen-ion-dissociation equilibrium constant of site i, Ka.i• is given by: (1) where a stands for activity. The hydrogen-ion activity is given by a w = cH+ y w , where · c H+ and y H+ are the molar concentration and the ionic-strength-dependent activity coefficient of the hydrogen ion, respectively; and the activWes of the protonated and deprotonated states are given by aHA = cHA.Y HA and a A =cAY A, respectively. The logalithm of equation (1) yields: l l . l l l l (2) where the concentration-based definitions p 0 H =-loge H+ and p ° Ka,i = -log(c H+ c Ai I c HAi) are introduced. These are related to the conventional activity-based definitions pH =-log a H+ and pKa,i =-log Ka,i through the activity coefficients:
3 From equations (1) and (2), the net protein charge, zP' is calculated as a function of pH. The net charge of the protein molecule also depends on the ionic strength of the solution. Addition of salt attenuates electrostatic interactions in the local micro-environment of each titratable group, altering the activity coefficients of the protonated and deprotonated states and thereby shifting the pKa of that group. Since proteins are in essence large, conformationally-complex polyelectrolytes, experimental determination of the activity coefficients of individual titratable groups as a function of solution chemistry is difficult and has only recently become possible via NMR9,10.
With the advent of powerful computational tools, many efforts have been made to calculate a priori the pKas of titratable side-chains in hen-egg-white lysozyme and other well-studied proteins 11-16.
In general, these methods describe the titration equilibrium for a given site as: Table 1 . This method assumes the protein structure to be rigid in its crystallographic shape. However, it has been recognized that the lack of conformational mobility of the side chains leads to overestimation of electrostatic pKa perturbations. The physical rationale is as follows: when titration brings a residue into the charged state, the surrounding environment (solvent and protein) reorients in an effort to offset the charge, reducing the magnitude of the pKa perturbation. Beroza and Casel4 incorporated side-chain flexibility, using conformational sampling methods; see Table 1 . Table 1 Effects such as these cannot be described a priori with empirical models.
TITRATION EXPERIMENTS
In a pH measurement, the measured electrode voltage, E, and the hydrogen-ion activity, aH+, are related by a Nemst-type equation: 5) where gef is the electrode standard potential and S is a slope, determined by an electrodecalibration titration prior to each protein titration. The hydrogen-ion activity coefficient was calculated using Pitzer's model for multicomponent electrolyte solutions 18; y H+ varied with ionic strength but was independent of hydrogen-ion concentration over the range 2 <pH< 12. intercept. Values of gef and S obtained for each electrode calibration were considered valid for one day at most. Separate calibration titrations were performed for each protein or amino-acid titration, which were carried out immediately following the calibration titrations.
Electrode-Calibration Titration

Protein and Amino-Acid Titrations
For titration solutions containing protein or amino acid, a modified set of mass balances accounted for the reaction of hydrogen ion with the protein or amino acid. With these mass balances and the · electrode slope and intercept obtained from the calibration titration, the change in charge of the 6 protein or amino acid with p 0 H was calculated. All titration curves reported here are referenced to the isoelectric point (where zP = 0) of lysozyme, p 0 l = 11.16. The concentration-based isoelectric point, p 0 l, is given by p 0 l = pi + logy H+ and was assumed not to vary with ionic strength, as discussed below.
Materials
Hen-egg-white lysozyme (M = 14,500 g/mol) was obtained from Sigma Chemical Company, St. ACS grade). Distilled, deionized and degassed water was used to make all solutions.
Protein solutions were prepared by dissolving lysozyme powder in water to approximately 80 mg/ml and acidifying to pH 3 with hydrochloric-acid stock solution. Gel-permeation chromatography was used to remove the ovalbumin and conalbumin contaminants from Sigma L-2879 lysozymel9,20. Lysozyme-rich eluate was concentrated to approximately 10 giL via ultraflltration through Diaflo YMlO membranes (Amicon; 10,000 g/mol MWCO) and dialyzed in Spectrapor membrane tubing (Spectrum; 6-8,000 g/mol MWCO) against 50 volumes of potassium chloride solution of the desired ionic strength. Lysozyme concentration was determined by ultraviolet spectrophotometry using an extinction coefficient of £~~;~m= 2.635 Ll(g-cm)21.
Lysozyme concentration varied between 7 -12 giL (0.5 -0.8 mmol/L); no effect of protein concentration on titration results was observed within this concentration range. Amino-acid solutions were prepared by dissolving into water the dry amino-acid powder and sufficient crystalline potassium chloride to prepare a solution of the desired ionic strength. Amino-acid concentrations were never greater than 5 mmol/L.
The exact concentrations of H+ and OH in the acidic and alkaline titrant solutions were determined by first titrating the alkaline titrant against a standard solution containing a known amount of potassium hydrogen phthalate, then titrating the acidic titrant against a specified amount of the alkaline titrant. These titrant-concentratio~ assays were performed at least in triplicate. A solution of0.15% (v/v) phenolphthalein in ethanol was used as indicator.
Automated Titration Apparatus
Titration experiments were conducted in an airtight 100-mL, jacketed glass vessel sealed by a plexiglas lid with ports for titrant injection lines, gas lines, and the pH electrode. Vessel temperature was maintained at 25°C (±0.1 °C) by recirculation of water through the vessel jacket and a thermostatted bath. The headspace was swept with argon at very small positive pressure during the titrations to remove airborne carbon dioxide. Argon was passed through a column packed with Drierite and acid-gas-specific molecular sieves to remove trace water and carbon dioxide, then resaturated by sparging through a gas-washing bottle filled with degassed, distilled, deionized water. Titrant aliquots of specified volume were injected through a fritted line by a Dosimat 665 precision pump (Metrohm; Westbury, NY). Solutions in the titration vessel were 8 agitated gently by a magnetic stirrer to speed pH equilibration after injection of each titrant aliquot.
Hydrogen-ion activity was measured using a Ross combination semimicro electrode (Orion; pKas computed for all three of lysozyme's tyrosyl side chains, the theoretical titration curve would be in excellent agreement with the experimental titration curves for p 0 H greater than 4.
RESULTS
Experimental and Theoretical' Protein Titration Curves
As discussed above, any dpKa is relative to some pKa.model that, in theory, reflects no electrostatic interactions external to the titrating site itself. To obtain a simple experimental estimate of pKa.modei for the titratable groups in lysozyme, free-amino-acid titrations were conducted in potassium chloride solutions for each of the amino acids bearing titratable groups found in lysozyme. Results from solutions with ionic strength 0.1 Mare shown in Table 1 ; complete results for ionic strength to 3.0 Mare given in Table 2 . The side-chain pKas measured in these titrations are not entirely free solutions were not as stable as those with lower ionic strengths: for p 0 H greater than 9, protein macroaggregates were often observed in the titration vessel, and pH-electrode equilibration after each aliquot addition was less reliable. Hence, the 2.0 M data may not truly reflect the solution behavior of fully-solvated, non-aggregated lysozyme molecules, even in the acidic branch of the titration curve. While lysozyme is known to possess a monomer-dimer equilibrium at p 0 H above 5
in low-ionic-strength solutions21, it was assumed not to affect the titration behavior of the protein.
All titration curves in Figure 3 are referenced to a common isoelectlic point, p 0 l = 11.16, assumed constant with respect to ionic strength. The p 0 l would exhibit an ionic-strength dependence if the hydrogen-ion equilibria of titratable groups having pKas near the p 0 l were dependent on ionic strength. In lysozyme, these groups are the six lysine residues. Table 2 shows that the pK"'modei ' . value for lysine is 10.8 for ionic strengths 0.1 and 1.0 M. Further, the average lysine pKas in 
Lysozyme Surface-Charge Interactions
Rasmol molecular-graphics visualization of hen-egg-white lysozyme (Brookhaven PDB structure 2L YZ) shows that most titratable groups reside on or near the molecular surface. Therefore, in the extreme acidic limit, the surface of lysozyme is highly positively charged. As the p 0 H increases, the low-pKa groups (i.e., the aspartic-acid and glutamic-acid side chains) deprotonate and become negatively charged, interacting favorably with the positively charged lysine and arginine residues.
The presence of the positively charged lysine and arginine groups on the surface favors 13 deprotonation of the acidic residues, reflected as negative pKa perturbations for these residues. reported for other soluble globular proteins where most of the titratable residues are surface-accessible25,26. However, it is not readily observed in Figure 3 because lysozyme's isoelectric point is so high.
Ion Binding to Lysozyme
Lysozyme is known to bind chloride ions in a manner that depends on both the solution pH and where the Esin-Markov coefficient 8a1b is defined as: 15 (7) and incorporates the ionic-strength dependence of the protein-titration data. The salt activity, as= my, where m is the salt molality and 1 is the mean-ionic activity coefficient, obtained here from
Pitzer's modell8. The potassium binding number is calculated from the overall electroneutrality relation for the protein molecule plus its sun·ounding dielectric double layer:
In the context of this general model, ion "binding" refers to preferential interaction of ions with the protein, relative to the bulk solution, either by binding tightly to the protein or by associating loosely in the diffuse double layer. As ionic strength rises, the net charge of the protein increases, as shown in Figure 3 ; consequently, more counter-ions selectively partition into the diffuse double layer. As p 0 H increases toward the isoelectric point, the dependence of the protein net charge on ionic strength decreases, as previously discussed, and therefore, the ion-binding numbers also depend less on ionic strength. 
CONCLUSION
Hydrogen-ion titrations of hen-egg-white lysozyme were conducted over the p 0 H range 2. 
